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To study puff-by-puff release characteristics of crotonaldehyde in mainstream cigarette smoke under diverse intensive smoking regimens, we designed an RM20H smoking machine with a puff-by-puff smoke collection unit to automatically trap crotonaldehyde in the mainstream cigarette smoke. Using this process, we trapped, puff-by-puff, crotonaldehyde in mainstream smoke generated by different smoking regimens and quantitatively analysed the levels of crotonaldehyde using high-performance liquid chromatography with a modified QuEChERS sample pretreatment method. On the basis of the crotonaldehyde in each puff, we determined crotonaldehyde's puff-by-puff release characteristics. The results showed that crotonaldehyde's puff-by-puff release remained nearly constant for the International Organization for Standardization mode while increased polynomial trend was seen (n ≥ 6) under the Massachusetts and Health Canada smoking regimens. The equation fit for various regimens was good 2018 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original author and source are credited. 2 . Experiment 2. 1 . Materials and reagents 2 
. Specification of cigarette samples
We coded four types of domestic commercial cigarettes as A, B, C and D. Cigarettes B and C were highgrade tobacco with a high rate of total sugar and reducing sugar; cigarettes A and D were low-grade tobacco with a low rate of total sugar and reducing sugar. All four types of cigarettes were 84 mm in length and had a circumference of 24.3 mm; other parameters are given in table 1.
Reagents and instruments
We purchased acetonitrile, tetrahydrofuran and isopropanol (HPLC grade) from Merck (Darmstadt, Germany). Perchloric acid (≥36% purity) and pyridine (HPLC grade) were purchased from Nanjing Chemical Reagent Company Inc. (Nanjing, China). 2,4-Dinitrophenyl-hydrazine (DNPH), formaldehyde, aldehyde, acetone, acrolein, propanal, crotonaldehyde, 2-butanone and butyl aldehyde 2,4-dinitrophenylhydrazone derivative compounds (≥97% purity) were purchased from Acros (Geel, Belgium). Anhydrous magnesium sulfate (MgSO 4 ; HPLC grade) and sodium chloride (HPLC grade) 
Health Canada 55 ± 0.5 30 ± 0.5 2 ± 0.
Massachusetts 45 ± 0.5 30 ± 0.5 2 ± 0.5 50 
Parameters of ISO, Massachusetts and Health Canada smoking regimens
We used three different smoking modes to study the release of crotonaldehyde. Differences in the puffing parameters among the ISO, Massachusetts and Health Canada smoking regimens included puffing volume, puffing frequency and puffing rate. They all had the same puffing duration of 2.0 s as listed in table 2.
Preparation of standard solutions
Formaldehyde (50 mg), acetaldehyde (100 mg), acetone (50 mg), acrolein (40 mg), propionaldehyde (30 mg), crotonaldehyde (30 mg), and 2-butanone (30 mg), butyl aldehyde (30 mg) 2,4-dinitrophenylhydrazone derivative compounds were accurately weighed and dissolved in 30 ml acetonitrile in 50 ml beakers to produce a stock standard solution. Primary calibration solutions were prepared by diluting 10 ml stock standard solutions in 50 ml volumetric flasks with acetonitrile.
Concentrations used for constructing the calibration curve were 0.2, 0.4, 1, 2, 10 and 50 µg ml −1 . Then, working solutions were prepared by transferring primary calibration solutions (0.1, 0.2, 0.5, 1.5 and 25 ml) into 100 ml acetonitrile again, respectively. Series of standard solution of six different concentrations of crotonaldehyde (0.2, 0.4, 1, 2, 10 and 50 µg ml −1 ) were prepared for formaldehyde, acetaldehyde, acetone, acrolein, propionaldehyde, crotonaldehyde, and 2-butanone, butyl aldehyde 2,4dinitrophenylhydrazone derivative compounds, which were treated as standard calibration solutions. The calibration solution of the carbonyl group is prepared only before usage.
Sample preparation
We followed the requirements of GB/T 19609-2004 [18] for connecting to the RM20H puff-by-puff unit. Twenty cigarettes were included for the traps of total particulate matter from cigarette smoke under
the ISO model while 10 cigarettes were included for the Massachusetts and Health Canada smoking modes. We measured each cigarette sample twice and trapped the total particulate matter on Cambridge filters. After the cigarette-smoking using the RM20H puff-by-puff unit, two blank puffs are required. Then the trapper was taken out and left to stand for 3 min. We added DNPH to the filter to react with all carbonyl compounds. A glass fibre filter was used to trap the total particulate matter puffby-puff in the mainstream smoke. After the process was completed, we placed the filter into a 100 ml Erlenmeyer flask and added 50 ml of pyridylacetonitrile. The solution was ultrasonicated for 10 min at 30°C. Then, we immediately vibrated the solution for l min after adding 3 g of sodium chloride and 12 g of anhydrous MgSO 4 . We centrifuged the obtained solution for 5 min and separated 1 ml supernatant. After centrifugation, we simultaneously added 100 mg of anhydrous MgSO 4 , 10 mg GCB, 10 mg C 18 , and 40 mg iron oxide (Fe 3 O 4 ) magnetic nanoparticles [19] into the supernatant. With a 30 s vortex, we collected the supernatants using an applied magnetic field. Treated analytes appeared to be clear and transparent, without any filter impurities; 2 ml supernatant was transferred to a chromatographic flask and we detected the concentration of crotonaldehyde using the HPLC method.
Chromatographic condition
We performed this analysis using a ZORBAX Eclipse XDB-C18 column (50 mm × 4.6 mm, 1.8 µm particle size, Agilent, Santa Clara, CA, USA). Optimizing chromatographic operating conditions were based on the requirement of the resolution between the respective peaks. Conditions were as follows. Mobile phase A: water : acetonitrile : tetrahydrofuran : isopropanol (59 : 30 : 10 : 1); mobile phase B: water : acetonitrile (35 : 65); column temperature: 30°C; column flow: 0.8 ml min −1 ; volume injection: 5 µl; gradient: 0 min: mobile phase A 100%, mobile phase B 0%, 20 min: mobile phase A 60%, mobile phase B 40%; detector: UV detector; and time analysis: 40 min.
We identified the carbonyl compounds using HPLC. We obtained eight points of carbonyl compounds in the peak area. Using these peak areas as the ordinate, we set concentrations of carbonyl compounds as the abscissa. We set eight kinds of carbonyl compounds by a calibration curve. For the linear regression calibration data, we determined that for each compound R 2 should be not less than 0.990. After determination of the extracted sample, we calculated the eight concentrations of the sample carbonyl compounds according to the area of the fingerprint spectrum of these compounds extracted from the smoke sample of every cigarette.
Data analysis
CHEMPATTERN software (Chemmind Technologies Co., Beijing, China) was used to analyse crotonaldehyde release data in mainstream smoke on a puff-by-puff basis. We used descriptive statistics, scatter trends and multiple correlation analysis to evaluate release trends on a puff-by-puff basis.
Method validation

Recovery of modified QuEChERS
The validity of the modified QuEChERS method was estimated by means of recovery experiments and all experiments were conducted in duplicate. The average recovery of the target compound ranged from 91.5% to 110.7%, and the relative standard deviation was not more than 5.5%. The recoveries and relative standard deviations were in line with crotonaldehyde analysis requirements.
Chromatographic behaviour
We obtained test results of crotonaldehyde release on a puff-by-puff basis from the cigarette samples and analysed the results under different intense smoking regimens. The retention time of crotonaldehyde was 28.88 min. Standard and sample chromatograms are shown in figure 1 and figure 2 , respectively. Furthermore, the resolution, theory plate and symmetry factor of peaks are shown in table 3.
The limit of detection and limit of quantitation
We used the following experimental design and calculations. (1) We used acetonitrile as the solvent blank and performed 20 consecutive tests using a chromatograph. The standard deviation (s b1 ) of the blank . mean value (µg ml −1 ) 0. . where q L is the minimum detectable concentration, k is a constant related to confidence, s b1 is the standard deviation value for the blank, and s is the sensitivity at low concentrations, which is the slope of the standard curve in the low concentration range (table 4) . Setting k at 3, we obtained the slope of the standard curve as s = 0.936. Therefore, the detection limit q L = 3 × 0.0142/0.936 = 0.0455 µg ml −1 . According to the test's dilution and concentration conditions, we obtained the detection limit (per puff) of this method as q L ' = 0.0455 × 50/20 = 0.1138 µg/cigarette. The limit of quantification q L = 0.1138 × 10/3 = 0.379 µg/cigarette was far lower than the crotonaldehyde content of a minimum 1.410 µg analysed per puff in a cigarette. The relative standard deviation of analysed = s.d./mean × 100% = 0.0142/0.1905 × 100% = 7.45%. Therefore, the method can be used to analyse levels of crotonaldehyde in ordinary cigarettes on a puff-by-puff basis.
Results
Descriptive statistics of crotonaldehyde per puff in mainstream smoke under ISO regime
Descriptive statistics of the samples are listed in table 5 . As shown in the table, there was a range of crotonaldehyde release between the different samples. The overall release ranges from 1.41 to 1.72 µg/puff. Crotonaldehyde release per puff of each sample had relatively small changes among different samples. We observed the following mean values of release in different samples: the release in the A samples was the highest (1.673 µg/cigarette), and the release in the D samples was the lowest (1.470 µg/cigarette). In addition, from the variance data it can be observed that different samples of crotonaldehyde release had a distinctive trend, that is, the maximum and minimum variances were 0.060 and 0.024, respectively In the ISO mode, crotonaldehyde release by puff demonstrates a polynomial trend increase (n ≥ 6), the R 2 = 0.9682, and the proposed combined degree of curve fitting was general. In Massachusetts mode, crotonaldehyde release by puff demonstrates a polynomial trend and the release gradually decreased after the ninth puff, the R 2 = 0.9192 and the degree of curve fitting was ordinary. In the Health Canada mode, crotonaldehyde release by puff also showed a polynomial trend, the release gradually decreased after the ninth puff, the R 2 = 0.9754 and the degree of curve fitting was relatively better.
Poincaré scatter trend simulation line plot analysis
R-clustering analysis of crotonaldehyde release by puff for different intensive regimens
We used the R-clustering analysis method to study the release characteristics of crotonaldehyde by puff for different intensive regimens (links between cluster groups, using Euclidean distance). From the cluster genealogy chart ( figure 5 ), the first eight puff features can be divided into four categories according to the different intensive regimens: (1) the first, second and third puffs; (2) the fourth and fifth puffs; (3) the sixth puff; and (4) the seventh and eighth puffs. 
Conclusion
We used an RM20H smoking machine with an automated puff-by-puff trapping unit to collect crotonaldehyde from total particulate matter on a Cambridge filter for three different smoking regimens. We conducted a quantitative analysis using an HPLC external standard technique with a modified QuEChERS sample pretreatment method. We observed the treated analytes to be clear and transparent, without any filter impurities. The retention time of the crotonaldehyde was 28.907 min. The limit of detection (0.1138 µg/cigarette), the limit of quantification (0.379 µg/cigarette) and the RSD (7.45%) all met the detection needs for puff-by-puff release analysis. In ISO mode, the release of crotonaldehyde for the same sample remained almost the same during the puff-by-puff smoking process, but the release varied among the different samples within a range of 1.41-1.72 µg per cigarette. The largest release by
